Introduction
============

The signal transduction pathways activated by Toll-like receptors (TLRs) have been the focus of much attention because of the important role that TLRs play in inflammatory diseases (reviewed by \[[@b1]\]). Thirteen TLRs (named simply TLR1 to TLR13) have been identified in humans and mice together, with each TLR recognizing distinct microbial components. For example, TLR2 responds to lipoproteins, TLR3 to viral double-stranded RNA, TLR4 to lipopolysaccharide (LPS), TLR5 to flagellin, TLR7 and TLR8 to viral single stranded RNA, and TLR9 to unmethylated CpG islands of bacterial and viral DNA. Moreover, next to microbial ligands, stimulation of TLR signalling by endogenous ligands has been linked with the development of different diseases such as atherosclerosis \[[@b3]\]. The intracellular domain of TLRs is similar to that of members of the interleukin-1 receptor (IL-1R) family, which activate similar intracellular signalling path-ways. TLR/IL-1R signalling results in the activation of several transcription factors, such as members of the nuclear factor-κB (NF-κB) family and the interferon regulatory factor (IRF) family, which stimulate the expression of multiple proinflammatory genes that help to shape the immune response. The last couple of years, our understanding of the molecular mechanisms of TLR/IL-1R signalling to NF-κB and IRFs has increased considerably. All TLR/IL-1R family members contain a similar intracellular domain, known as the TIR domain, which binds specific adaptor proteins through homotypic TIR--TIR interactions. Four different adaptor proteins have been described: MyD88, Mal (TIRAP), TRIF (TICAM-1) and TRAM (TICAM-2) (reviewed by \[[@b4]\]). With the exception of TLR3, all TLRs as well as the IL-1R recruit the adaptor protein MyD88 (reviewed by \[[@b5]\]). In the case of TLR2 and TLR4, MyD88 recruitment requires Mal \[[@b6]\], whereas the other TLRs and the IL-1R signal independently of Mal. TLR4 can also initiate a Mal/MyD88-independent signalling pathway through the recruitment of TRAM and TRIF. Whereas the Mal/MyD88 pathway signals to NF-κB, the TRAM/TRIF pathway mainly activates members of the IRF family \[[@b7]\]. Because Pellino proteins have not yet been implicated in the activation of IRFs, we will focus in this review on the Mal/MyD88 pathway. The major steps in the MyD88-dependent signalling cascade initiated by TLR4 are depicted in [Figure 1](#fig01){ref-type="fig"}. Binding of MyD88 to TLR4 allows the recruitment of IL-1R associated kinase (IRAK)-1 and IRAK-4 through the death domains (DD) of both kinases and the DD and intermediate domain of MyD88 ([Fig. 1](#fig01){ref-type="fig"}, step 1). Although final proof is still missing, it has been suggested that close proximity in the receptor complex (Complex I, as described by \[[@b10]\]) enables IRAK-4 to phosphorylate IRAK-1, leading to its activation and IRAK--1 autophosphorylation (\[[@b11]\], [Fig. 1](#fig01){ref-type="fig"}, steps 2 and 3). Active IRAK--1 also phosphorylates Tollip, supposedly a silencer for quiescent IRAK-1 \[[@b14]\], which subsequently leaves the receptor complex ([Fig. 1](#fig01){ref-type="fig"}, step 4). IRAK-1 in turn interacts with the signalling molecule TRAF6 and TIFA, which is an adaptor protein that has been suggested to promote the oligomerization and ubiquitination of TRAF6 \[[@b16]\]. The IRAK-1/TRAF6/TIFA complex then leaves the receptor complex but remains at the membrane where it interacts with a preformed (but inactive) complex consisting of the mitogen activated protein kinase (MAPK) kinase kinase TAK1 \[[@b17]\], and the adaptor molecules TAB1 \[[@b18]\] and TAB2 \[[@b19]\] or TAB3 \[[@b20]\] ([Fig. 1](#fig01){ref-type="fig"}, steps 5--7), thus forming Complex II \[[@b10]\]. After phosphorylation of TAK1 and TAB2, the newly formed TRAF6-TAB2/3-TAK1-TAB1 complex migrates to the cytosol ([Fig. 1](#fig01){ref-type="fig"}, step 8; now called Complex III \[[@b10]\]), while IRAK-1 has been suggested to remain at the membrane and to disappear by proteasomal degradation ([Fig. 1](#fig01){ref-type="fig"}, step 9). Interestingly, a redistribution of IRAK-1 from the receptor complex to the nucleus has also been shown upon receptor triggering, but the function of nuclear IRAK-1 remains speculative \[[@b21]\]. Cytosolic TRAF6 is modified via a K63-linked polyubiquitin chain, which is a prerequisite for TAK1 activation (\[[@b22]\], [Fig. 1](#fig01){ref-type="fig"}, step 10). Active TAK1 then leads to the downstream activation of IκB kinases (IKK) and JNK or p38 MAPKs ([Fig. 1](#fig01){ref-type="fig"}, step 11) \[[@b22]\]. IKKs eventually activate NF-κB by phosphorylating the NF-κB inhibitory protein IκBα, leading to its ubiquitination and proteasome-dependent degradation, whereas JNK and p38 further contribute to the innate immune response by phosphorylating and activating several other transcription factors.

![Schematic overview of LPS-induced MyD88-dependent signalling leading to IKK and MAPK activation. Upon LPS-binding (mediated by MD-2 and CD14) to TLR4 and subsequent TLR4 clustering, Mal, MyD88, IRAK-1, Tollip and IRAK-4 are recruited to the cytoplasmic part of the receptor via TLR4/MyD88 TIR--TIR interactions (1). IRAK-4 phosphorylates IRAK-1 (2), leading to IRAK-1 activity and autophosphorylation (3). Tollip is also phosphorylated by IRAK-1 and leaves the receptor complex (Complex I) (4). IRAK-1 interacts with TRAF6 and the TRAF6 adaptor protein TIFA (5). IRAK-1/TRAF6/TIFA leave the receptor complex (6) and associate with the preformed (but inactive) TAK1/TAB1/TAB2 complex (7), resulting in the formation of Complex II. There, TAK1 and TAB1 are phosphorylated after which TRAF6/TAK1/TAB1/TAB2 migrate back to the cytosol (8), while IRAK-1 remains at the membrane and is most likely degraded by the proteasome (9). TIFA promotes the oligomerization and activation of TRAF6, leading to TRAF6 K63-linked polyubiquitination and subsequent TAK1 activation (10). TAK1 is then responsible for the downstream activation of IKK as well as MAPK pathways (11). Pellino proteins associate with IRAK-1, TRAF6 and TAK1 in Complex II and III, and become phosphorylated by IRAK-1 (12). Pellino-1 and -2 also induce IRAK-1 polyubiquitination (13). DD = Death Domain, KD = active kinase domain, KD\*= inactive kinase domain, RING = RING domain, FHA = Forkhead Associated domain, Ub = Ubiquitin, Zf = Zinc-finger, TRAF = TRAF domain and P = phosphorylation. For more information, see text.](jcmm0011-0453-f1){#fig01}

It should be clear from the above described signalling pathways that protein--protein interactions play crucial roles in TLR/IL-1R signalling. However, whereas the role of specific domains (e.g. TIR and DD) in mediating these protein--protein interactions is generally accepted, it is still largely unknown how these interactions are regulated. An important role for scaffold proteins in regulating signalling is now emerging, as is exemplified by the ERK/MAPK pathway \[[@b24]\]. Some scaffolds augment the signal flux, but also mediate 'cross--talk' with other path-ways; certain adaptors may target signalling complexes to other subcellular locations; others provide regulated inhibition. Recently, members of a novel family of proteins, consisting of Pellino-1, Pellino-2 and-3 in humans, have been proposed to function as scaffold proteins in the TLR/IL-1 signalling path-way, where they bind TRAF6, TAK1, IRAK-1 and IRAK-4. Moreover, we recently showed that Pellino proteins are also putative E3 ubiquitin ligases, capable of inducing IRAK-1 polyubiquitination \[[@b25]\]. However, although Pellino proteins are evolutionary extremely conserved both in vertebrates and invertebrates, making it reasonable to assume they do serve important functions, their physiological function remains largely obscure.

Pellino proteins are extremely well conserved during evolution
==============================================================

The signalling pathways initiated by members of the mammalian TLR/IL-1R family are evolutionary conserved with the Drosophila Toll protein-mediated pathway \[[@b26]\]. Toll initiates its signal through the adapter molecule Tube and the Ser/Thr kinase Pelle, which is highly homologous to IRAKs in mammals. Pellino was originally identified as a novel Pelle-interacting protein in Drosophila \[[@b27]\]. Soon after its discovery in the fruitfly, several Pellino-related sequences were found in other animals, including mammals. Today more than 40 Pellino-related sequences are included in the NCBI--Gene database. In mammals, the Pellino family consists of three members (Pellino-1/-2/-3) that are highly related. Pellino-1 and -2 are most similar and are almost identical in size, while Pellino-3 has an extra N-terminal stretch of 27 amino acids. In insects and C. elegans only one Pellino gene is present. In amphibians the situation is less clear as the Pellino sequence found in Xenopus laevis (AAH44117) is closely related to mammalian Pellino-1, while Pellino from Xenopus tropicalis (NP_989171) is the likely homologue of mammalian Pellino-2. A Xenopus sequence related to Pellino-3 is currently not present in the NCBI-databases, so it is not clear how many Pellino genes are conserved in amphibians. Sequence alignment of Pellino proteins from different species immediately shows that Pellino family members are strongly conserved during evolution. For example, human Pellino-1 (NP_065702) and C. elegans Pellino (NP_504501) share more than 40% identical amino acids, while the degree of conservation between all known mammalian Pellino-1 and -2 forms is above 80%.

Genomic organization and protein structure of Pellino
=====================================================

The genes encoding human Pellino-1, Pellino-2 and Pellino-3 have been mapped to chromosome 2, chro-mosome 14, and chromosome 11, respectively \[[@b28]\]. At least two splice variants of Pellino-3 exist in humans \[[@b29]\]. The longest form (Pellino-3a) consists of seven coding exons, but a shorter form (Pellino-3b) is missing exon-2, leading to an in frame deletion of 24 amino acids. Surprisingly, in dogs (XM_860735) a third Pellino-3 specific transcript is predicted in which not only exon-2, but also parts of exon-1 and -3 are lacking. A murine Pellino-3a transcript was not found in the public gene databases; therefore we blasted both the human (NM_145065) and rat (XM_219692) Pellino-3a sequences against the mouse genome, but surprisingly no putative mouse Pellino-3a exon-2 was found. Both Pellino-1 and -2 consist of only six coding exons ([Fig. 2](#fig02){ref-type="fig"}), which are homologous to the exons of Pellino-3b. For all species of which the genomic sequences are available, we found that intron--exon boundaries are also conserved, except in Drosophila where there are eight coding exons: the equivalent of human Pellino-3b exons-2 and -3 is Drosophila Pellino exon-2, while the equivalent of human Pellino-3b exon-6 is split into four separate exons ([Fig. 2](#fig02){ref-type="fig"}).

![Schematic alignment of some representative Pellino proteins. Different exons of a particular Pellino are marked in a different colour, and homologous exons in various Pellino sequences are indicated in the same colour. The RING-like domain in the C-terminal part of every Pellino is boxed in red. (h) = human; (d) =*Drosophila*. For more information, see text.](jcmm0011-0453-f2){#fig02}

So far, the information that is available on the expression pattern of mammalian Pellino proteins is mostly limited to their expression at the mRNA level. Interestingly, while EST sequence analysis demonstrates that all mammalian Pellino mRNAs are almost ubiquitously expressed in most organs, their relative expression levels in different organs differ remarkably, suggesting tissue-specific functions for distinct Pellino proteins \[[@b29]\]. In the adult mouse, Pellino-2 transcripts could be detected predominantly in the liver, testis and skin, with only low amounts in other tissues. Intriguingly, Pellino-2 transcripts were either not detected (spleen) or were barely detectable (thymus) in organs that predominate in the adaptive immune response, but were more abundant in organs (liver and skin) that predominate in the innate immune response \[[@b31]\]. Human Pellino-3 mRNA was detected at high levels in brain, heart and testis, and at lower levels in kidney, liver, lung, placenta, small intestine, spleen and stomach. Pellino-3 mRNA was only marginally expressed in colon or muscle tissue \[[@b29]\]. Apart from the tissue-dependent expression of different Pellino proteins, their expression might be further regulated upon stimulation of cells with specific agents. For example, mouse Pellino-1 was upregulated after 3 hours stimulation of bone-marrow-derived macrophages with lipid A (a major constituent of bacterial LPS) \[[@b32]\].

A domain search of Pellino protein sequences with different algorithms did not reveal any significant matches for the more variable N-terminal part of Pellino proteins. However, we and others noted a C3HC4 RING-like motif in the C-terminal part of Pellino proteins \[[@b25]\]. RING domains mediate protein--protein and protein--DNA interactions in a diverse group of proteins (reviewed by \[[@b34]\]) and are best known for their occurrence in RING E3 ubiquitin ligases \[[@b34]\]. The name C3HC4 denotes the sequence order of the 8 Cys and His residues that coordinate two Znatoms, resulting in a 'cross-brace' protein motif \[[@b36]\]. Two invariant Cys-Pro-X-Cys motifs (amino acids 333--336 and 395--398 in human Pellino-1) and two absolutely conserved Cys-Gly-His triplets (amino acids 367--369 and 311--313 in human Pellino-1) are present in all Pellino proteins. Alignment of a consensus mammalian Pellino RING sequence with a consensus C3HC4 RING domain sequence revealed that the order of Cys and His residues in both RING domains differs and therefore we proposed to call the Pellino-type RING domain CHC2CHC2 (\[[@b25]\], [Fig. 3](#fig03){ref-type="fig"}).

![Alignment of the mammalian Pellino-RING (CHC2CHC2) consensus sequence with the C3HC4 RING consensus sequence, which was adopted from \[[@b37]\].](jcmm0011-0453-f3){#fig03}

Pellino proteins interact with key mediators in TLR/IL-1R-induced signalling pathways
=====================================================================================

Similar to the originally described interaction of Drosophila Pellino with Pelle, all mammalian Pellino proteins were shown to interact with IRAK-1 and IRAK-4 (the latter was not yet reported to interact with Pellino-3) \[[@b25]\]. Moreover, all three mammalian Pellino proteins also interact with TRAF6 and TAK1 \[[@b29]\]. Based on the observation that Pellino-3 can simultaneously interact with endogenous IRAK-1, TRAF6 and TAK1 upon IL-1 stimulation, it was hypothesized that Pellino proteins might act as scaffold proteins that regulate signalling branch-points in TLR/IL-1R signalling to NF-κB and MAPKs \[[@b29]\]. Pellino-3 was also shown to bind the Ser/Thr kinase NIK \[[@b29]\]. The latter kinase is known to be involved in the activation of the alternative NF-κ*B* pathway by specific members of the TNF receptor superfamily, but so far this pathway has not yet been shown to be activated by TLRs or IL-1R. It will also be interesting to analyse whether the Pellino-3/NIK interaction has any role in the activation of NF-κB by stimuli such as lymphotoxin β, which are known to activate the alternative NF-κB pathway. Pellino-1 was recently found to interact with Smad6, an anti-inflammatory protein induced by TGF-β\[[@b39]\]. This Pellino-1/Smad6 interaction completely abrogat-ed the formation of the Pellino-1/IRAK-1/TRAF6 signalling complex induced by IL-1 \[[@b39]\]. In contrast to others \[[@b29]\], the same group also reported an interaction between Pellino-1 and the TLR/IL-1R adaptor protein MyD88 \[[@b39]\], but it is currently unclear if this is a direct interaction or mediated via binding of Pellino-1 to IRAK-1. Finally, Pellino-2 was also picked up via phage display as a Bcl-10 interacting protein and shown to interact with Bcl-10 in RAW264.7 macrophages treated with LPS \[[@b42]\]. The observation that knockdown of Pellino-2 had no effect on the recruitment of Bcl-10 to the TLR4 signalling complex suggested that Pellino-2 is an adaptor downstream of Bcl-10 in the LPS signalling pathway to NF-κB. It has to be mentioned that many of the reported protein--protein interactions were only described upon overexpression of Pellino proteins in HEK293 cells or RAW264.7 cells and still need to be confirmed for the endogenously expressed proteins. A summary of all known interactions of Pellino proteins with intermediates in TLR/IL-1R signalling is given in [Table 1](#tbl1){ref-type="table"}. Binding studies with different mutants of human Pellino-3 demonstrated that Y44 is crucial for binding of IRAK-1 \[[@b40]\]. Although this residue is conserved in Pellino-1 (Y17 in human Pellino-1) and -2 (Y19 in human Pellino-2), it is dispensable for IRAK-1 bind-ing of these proteins \[[@b40]\]. Pellino mutants truncated at their C-terminus (e.g. human Pellino-1 (1--332)) are strongly impaired in IRAK-1 binding, suggesting that also the C-terminal part of Pellino contributes to IRAK-1 binding \[[@b25]\]. Pellino-3 binding with TRAF6 and TAK1 occurs through amino acids downstream of position 135 \[[@b40]\], and binding of mouse Pellino-2 to Bcl-10 is mediated by a region spanning amino acids 169--233 \[[@b42]\]. As mentioned before, the more C-terminal part (downstream of residue 300) of Pellino proteins contains a novel CHC2CHC2 RING domain. Whereas efficient binding of Pellino proteins to IRAK-1 requires their C-terminal region, binding is independent of a structurally intact RING domain \[[@b25]\]. Drosophila Pellino/Pelle as well as all human Pellino/IRAK-1 interactions are dependent on an intact IRAK-1 kinase domain \[[@b25]\]. Furthermore, co-expression of IRAK-1 and Pellino-1, -2, or -3 in HEK293 cells leads to Pellino phosphorylation ([Fig. 1](#fig01){ref-type="fig"}, step 12) \[[@b25]\], suggesting that phosphorylation of Pellino proteins by IRAK-1 might promote or stabilize Pellino/IRAK-1 binding. Alternatively, the observation that Pellino proteins only interact with kinase active IRAK-1 might also reflect a dependency of this interaction on IRAK-1 hyperphosphorylation. Recently, we found that co-expression of Pellino-1 or -2 with IRAK-1 also results in IRAK-1 polyubiquitination, which was dependent on an intact Pellino RING motif ([Fig. 1](#fig01){ref-type="fig"}, step 13) \[[@b25]\]. Although the biological role of IRAK-1 ubiquitination by Pellino proteins still needs to be demonstrated, these data strongly indicate that Pellino proteins are not only scaffold proteins, but can also function as genuine E3 ubiquitin ligases in TLR/IL-1R signalling.

###### 

Binding partners of mammalian Pellino proteins. Key mediators of TLR/IL-1R-induced signalling pathways are indicated on top of the table. Binding = (+), no binding = (−), contrasting reports = (+/−); binding to an endogenous signalling protein is indicated by a grey shaded cell in the table (Pellino proteins were always overexpressed)

              MyD88   IRAK1   TRAF6   TAK1   NIK   IRAK4   Bcl10   Smad6   
  ----------- ------- ------- ------- ------ ----- ------- ------- ------- ------------
  Pellino-1   +/−     \+      \+      +/−          \+              \+      \[[@b25]\]
  Pellino-2   −       \+      \+      \+           \+      \+              \[[@b25]\]
  Pellino-3   −       \+      \+      \+     \+                            \[[@b25]\]

Role of Pellino proteins in TLR/IL-1R signalling to NF-κB and MAPK
==================================================================

Although Pellino proteins are known to bind different TLR/IL-1R signalling proteins, their specific biological function in TLR/IL-1R signalling is still largely unclear and sometimes controversial (summarized in [Table 2](#tbl2){ref-type="table"}). RNAi and overexpression experiments indicated that Pellino-1 is involved in NF-κB activation in response to IL-1 \[[@b30]\], but has no role in the IL-1-induced activation of different MAPKs \[[@b40]\]. For Pellino-2, the situation is less clear. Reporter gene assays initially suggested a role for Pellino-2 in NF-κB, Elk1 and c-Jun/AP-1 activation in response to IL-1 or LPS \[[@b31]\]. However, others could not confirm this and hypothesized that Pellino-2 links TLRs to basic cellular processes that regulate the activity of specific promoters, seemingly independent of the available transcription factor binding sites \[[@b38]\]. The reason for these paradoxical results are unclear, but most likely reflect the use of different expression plasmids and promoters, different species of Pellino proteins, a different cellular context and different cellular assays that were used to measure NF-κB or MAPK activation (e.g. different reporter assays, gelretardation assays, phosphoMAPK-specific western blotting). Finally, overexpression of Pellino-3 has no effect on NF-κB activation \[[@b29]\], but activates ERK, JNK and p38 MAPKs, leading to the activation of Elk-1, c-Jun, CREB and CHOP dependent gene expression \[[@b29]\]. It should be mentioned that the above mentioned data are almost all obtained upon transient overexpression of different Pellino family members in HEK293T cells. In a similar setup, we were unable to observe any effect (positive or negative) of overexpression of different Pellino proteins in NF-κB-dependent reporter assays with HEK293T cells (Schauvliege et al., unpublished observations). It is generally known that such overexpression experiments are prone to artefacts due to high protein expression and outtitration of crucial signalling components. RNAi experiments are therefore a better alternative, but unfortunately this has only been reported in studies investigating the role of Pellino-1 and -2 in IL-1-induced NF-κB activation \[[@b30]\]. It is clear that a lot of work still needs to be done in order to understand the real role of the Pellino proteins in TLR/IL-1R signalling.

###### 

Role of Pellino proteins in TLR/IL-1R-induced activation of NF-κB and MAPKs. Evidence supporting a role is indicated by (+); evidence against a role is indicated by (−); when contrasting reports are available a (+/−) is used

              NF-κB   ERK   p38   JNK   
  ----------- ------- ----- ----- ----- ------------
  Pellino-1   \+      −     −     −     \[[@b30]\]
  Pellino-2   +/−     +/−   −     +/−   \[[@b31]\]
  Pellino-3   −       \+    \+    \+    \[[@b29]\]

Perspectives
============

The identification of many signalling proteins that mediate TLR/IL-1R-induced responses has greatly expanded our knowledge and appreciation of the complexity of the innate immune response. The data summarized in this review indicate an important function for the strongly conserved family of Pellino proteins. As scaffolds for multiple signalling proteins they could modulate the magnitude and specificity of TLR/IL-1R signalling, and thereby regulate the wide variety of signalling outputs. On the other hand, the recent finding that Pellino proteins can also mediate IRAK-1 ubiquitination suggests a novel function as E3 ubiquitin ligases.

There are as yet many outstanding questions that need to be addressed. It will be important to clarify why mammals have three different Pellino proteins that are very similar to each other. Do they have different functions or do they function in a cell-type or tissue-specific manner? Is their function dependent on their relative expression levels and can their expression be modulated by specific stimuli? So far, Pellino proteins have been studied in the context of TLR/IL-1R signalling, because of their interaction with IRAK-1, TRAF6 and TAK1. However, with more Pellino-binding proteins being identified, it is not unlikely that these will reveal also a function for Pellino proteins in signalling pathways initiated by other receptors. Also the observation that Pellino proteins can function as E3 ubiquitin ligases opens interesting perspectives. In this context, it will be interesting to analyse the type and functional consequences of IRAK-1 ubiquitination by Pellino, as well as to reveal whether other TLR/IL-1R signalling intermediates are substrates for Pellino-induced ubiquitination. Importantly, mechanisms that regulate the function of Pellino proteins as scaffolds or ubiquitin ligases need to be clarified. Maybe the already described Pellino phosphorylation by IRAK-1 plays an important regulatory function. Clearly, much more biochemical studies as well as the generation of Pellino-deficient mice will be of utmost importance to disentangle the regulation and function of distinct Pellino proteins in innate immunity.
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